BACKGROUND: Despite the importance of early detection, delayed diagnosis of chronic obstructive pulmonary disease (COPD) is relatively common. Approximately 12 million people in the United States have undiagnosed COPD. Diagnosis of COPD is essential for the timely implementation of interventions, such as smoking cessation programs, drug therapies, and pulmonary rehabilitation, which are aimed at improving outcomes and slowing disease progression.
METHODS: A predictive model was developed and validated utilizing a retrospective cohort of patients with and without a COPD diagnosis (cases and controls), aged 40-89, with a minimum of 24 months of continuous health plan enrollment (Medicare Advantage Prescription Drug [MAPD] and commercial plans), and identified between January 1, 2009, and December 31, 2012, using Humana's claims database. Stratified random sampling based on plan type (commercial or MAPD) and index year was performed to ensure that cases and controls had a similar distribution of these variables. Cases and controls were compared to identify demographic, clinical, and health care resource utilization (HCRU) characteristics associated with a COPD diagnosis. Stepwise logistic regression (SLR), neural networking, and decision trees were used to develop a series of models. The models were trained, validated, and tested on randomly partitioned subsets of the sample (Training, Validation, and Test data subsets). Measures used to evaluate and compare the models included area under the curve (AUC); index of the receiver operating characteristics (ROC) curve; sensitivity, specificity, positive predictive value (PPV); and negative predictive value (NPV). The optimal model was selected based on AUC index on the Test data subset.
RESULTS: A total of 50,880 cases and 50,880 controls were included, with MAPD patients comprising 92% of the study population. Compared with controls, cases had a statistically significantly higher comorbidity burden and HCRU (including hospitalizations, emergency room visits, and medical procedures). The optimal predictive model was generated using SLR, which included 34 variables that were statistically significantly associated with a COPD diagnosis. After adjusting for covariates, anticholinergic bronchodilators (OR = 3.336) and tobacco cessation counseling (OR = 2.871) were found to have a large influence on the model. The final predictive model had an AUC of 0.754, sensitivity of 60%, specificity of 78%, PPV of 73%, and an NPV of 66%.
CONCLUSIONS: This claims-based predictive model provides an acceptable level of accuracy in identifying patients likely to have undiagnosed COPD in a large national health plan. Identification of patients with undiagnosed COPD may enable timely management and lead to improved health outcomes and reduced COPD-related health care expenditures.
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R E S E A R C H
C hronic obstructive pulmonary disease (COPD) is a progressive disease of the airways characterized by persistent airflow limitation, dyspnea, cough, and sputum production. The worldwide prevalence of COPD is expected to rise because the aging population, decreased likelihood of dying from other diseases, and the burgeoning epidemic of smoking. 1, 2 In the United States, COPD-related medical costs were estimated to be $32.1 billion in 2010, including $29.5 billion in direct health care costs. 3 Because of the irreversible nature of lung damage in COPD, early detection is important when implementing behavioral changes (e.g., smoking cessation) and initiating therapies that could relieve symptoms, reduce the frequency and severity of exacerbations, and improve health status and exercise tolerance. 4, 5 Despite the importance of early detection, there is often a delay in the diagnosis of COPD. In the United States, it is estimated that approximately 26.8 million people have COPD and that, of these, 12 million (45%) remain undiagnosed. 6 An analysis of data from the Third National Health and Nutrition Patients who had a medical claim with a primary or secondary diagnosis of COPD during a 24-month period before the index date (pre-index period) were excluded from the case cohort. Controls were identified using a multistep process. First, all patients enrolled during the study period were identified. Second, patients with at least 1 medical claim with a diagnosis of COPD during the study period were excluded. Finally, patients with less than 24 months (731 days) of continuous enrollment were excluded. The index date of the controls was defined as the 731st day of the most recent continuous enrollment period.
Patients were eligible for inclusion in the study if they were aged 40 to 89 years on the index date and had a minimum of 24 months of continuous enrollment. Patients with claims for any of the following ICD-9 CM diagnosis codes at any time during the study period were excluded: cystic fibrosis (277.0); pulmonary tuberculosis (011); or malignant neoplasms (140-172, 174-209.3, or 209.7). Stratified random sampling, based on plan type (commercial or MAPD) and year of index date, was performed to select 1 control for each case, so that the 2 cohorts (cases and controls) had similar distributions of these variables. No other variable (demographic or clinical) apart from plan type and year of index date was used to select a control for a case.
Model Development
Demographic, clinical, and HCRU characteristics were selected for predictive model development through a review of the published literatureand based on input from the research team's clinical experts. [13] [14] [15] [16] [17] [18] [19] [20] Sixty-one demographic, clinical, and HCRU characteristics were assessed in the 2 cohorts (cases and controls) during the pre-index period and compared using analysis of variance for continuous variables and chi-square tests for categorical variables. These characteristics were included as covariates in the model development. Demographic characteristics included age (at index date), gender, race/ethnicity, geographic region, and plan type. Clinical and HCRU characteristics included comorbidities, all-cause hospitalizations, all-cause emergency room (ER) visits, airflow and cardiopulmonary exercise tests, chest X-rays, and medications. Since smoking is known to be highly associated with COPD, 14 and smoking status was not available in the claims database, Examination Survey (NHANES III) showed that 63% of patients with low lung function were undiagnosed. 7 A recent retrospective cohort study found that primary care opportunities for COPD diagnosis were missed in 85% of patients in the 5 years before a formal COPD diagnosis. 8 There are several explanations for delayed diagnosis of COPD. Patients with undiagnosed COPD may be in the early stages of the disease with limited symptomology or may experience respiratory symptoms at a rate similar to patients without COPD. 9, 10 Further, primary care physicians may lack access to pulmonary function testing equipment (i.e., spirometry) thus inhibiting their ability to properly diagnose a symptomatic patient. 11, 12 Collectively, these factors indicate substantial opportunity for improvement in the detection of undiagnosed COPD.
Administrative claims data, including demographic and health care resource utilization (HCRU) information, may be a useful source for identifying patients with undiagnosed COPD. An algorithm derived from medical and pharmacy administrative claims data by Mapel et al. (2006) identified 19 characteristics that were statistically significantly associated with undiagnosed COPD in adults 40 years of age and older. 13 This algorithm exhibited a high degree of accuracy in correctly identifying patients without COPD (negative predictive value [NPV] of 95.5%) but was only able to correctly identify approximately 1 in 4 patients with undiagnosed COPD (positive predictive value [PPV] of 24.9%). While this algorithm may be suitable for practical application in the single health maintenance organization within which it was developed, its lack of generalizability and low PPV are limitations.
The objective of this study was to develop and validate a predictive model to identify patients likely to have undiagnosed COPD within a health plan, based on a broad set of demographic, clinical, and HCRU characteristics found in administrative claims data.
■■ Methods Study Design and Data Source
A predictive model was developed and validated based on a retrospective cohort study in patients with and without COPD. The study was approved by an independent institutional review board before initiation. The study was conducted using Humana's administrative claims data from January 1, 2007, to December 31, 2012 (study period). The database includes over 12 million current and former Humana members and contains patient enrollment and inpatient and outpatient medical and pharmacy claims for fully insured Medicare Advantage Prescription Drug (MAPD) and commercial plan members. Records were linked for each patient using a unique patient identifier. tobacco cessation counselling and medications were used as proxies. The medical and pharmacy claims-based definitions are provided in Tables 1 and 2 , respectively. No data from the 60-day period before the index date were used, since this period was likely to be reflective of HCRU patterns and clinical parameters related to the initial diagnosis of COPD in the case cohort. 13 The RxRisk-V prescription claims-based comorbidity index and the Deyo Charlson Comorbidity Index (DCCI) were used in the development of the predictive model to adjust for overall comorbidity burden and the likelihood of 12-month mortality, respectively. [21] [22] [23] [24] [25] [26] Three commonly used modeling approaches, stepwise logistic regression (SLR), 27, 28 decision tree (DT), 27, 29 and neural networking (NN), 27, 30 were pursued in order to develop and select 
Diagnosis Codes and Medical Services/Procedure Codes Used to Define Clinical Characteristics and Utilization

Development and Validation of a Predictive Model to Identify Individuals Likely to Have Undiagnosed Chronic Obstructive Pulmonary Disease Using an Administrative Claims Database
the optimal predictive model for identifying patients likely to have undiagnosed COPD. The sample was randomly partitioned into Training (40%), Validation (30%), and Test (30%) subsets, which were used for model development, validation, and comparison, respectively. Each subset had an equal number of cases and controls to create a balanced sample (50% cases and 50% controls). Predictive models developed on a balanced sample can better detect a rare class (e.g., true positive) of a target variable 31 ; however, this leads to an overrepresentation of case prevalence. To adjust assessments and prediction estimates to match the real population, 32, 33 the "population prior" (i.e., the true Humana population COPD prevalence) was specified to be 2.7%. For model selection, the misclassification rate and profit/ loss function in the Validation subset were used. The reciprocal of true COPD prevalence was set to the profit for true positive, and reciprocal of non-COPD prevalence was set to the profit for true negative in a decision matrix to achieve an acceptable conforming cutoff value. 32, 33 Stepwise, backward, and forward model selection methods with 0.05 statistically significant levels of entry and exit were used to develop the SLR model. 28, 34 Gini splitting rules and gradient booting models were used to build the DT model. 29 Multilayer perceptron with 1 hidden layer and 
selected. These 3 models were then compared and the optimal predictive model selected. Model selection was based on the AUC index. The AUC index reflects the level of discrimination between individuals with and without the outcome of interest (i.e., COPD diagnosis)-the higher the AUC index, the better the discrimination. Two additional models were developed by plan type (MAPD and commercial) as sensitivity analyses. Identical methods were used; however, the population priors were based on the prevalence of COPD in the MAPD and back propagation with conjugate gradient training techniques were used to develop the NN model. 30 All models were crossvalidated using the Training and Validation subsets.
Model performance measures were calculated using the Test subset for each model. These included the area under the curve (AUC) index of the receiver operating characteristics (ROC) curve, sensitivity, specificity, false positive rate, false negative rate, PPV, NPV, and overall classification rate. The best performing model for each modeling approach was 
similarly in terms of AUC (0.754 and 0.757, respectively), followed by the DT model (0.729). The SLR and NN models also performed similarly on other performance measures, although the SLR model had slightly higher specificity (78.3% vs. 75.0%) and PPV (73.4% vs. 71.8%). The SLR model was selected as the optimal predictive model, since it performed similarly to the NN model (based on AUC) and was considered to be a more widely applicable and understood method for predictive modeling. Another advantage of the SLR model is that it allows the impact of individual risk factors to be studied. The SLR model had a sensitivity of 60%, specificity of 78%, PPV of 73%, and NPV of 66% when applied to the Test data subset.
The optimal predictive model is described in Table 6 . The model contained 34 variables that were statistically significantly associated with COPD. After adjusting for covariates, anticholinergic bronchodilators (odds ratio [OR] = 3.336), tobacco cessation counseling (OR = 2.871), anticholinergic beta-agonist combination agents (OR = 2.675), and smoking cessation medication (OR = 2.317) were found to make a large contribution to the model. Other variables included demographic characteristics (region, age, and gender); comorbidities (DCCI, heart failure, asthma, aortic aneurysm, pneumonia or influenza, asphyxia, atherosclerosis, bronchitis [not chronic], respiratory symptoms, arterial circulatory disease, ischemic heart disease, depression, diabetes, and hypertension); and HCRU (all-cause hospitalization, cardiopulmonary exercise test, tobacco cessation counseling, oxygen, and medications [long-acting beta-agonists/inhaled corticosteroids combination, short-acting beta2-agonist, respiratory medications, antidepressants, number of total oral corticosteroid prescriptions, cardiovascular medications, and oral corticosteroid, vaccination/medication to treat influenza, pneumococcal vaccination, and RxRisk-V]). commercial populations (4.2% and 0.55%, respectively). Data analyses were conducted using SAS Enterprise Guide version 4.3 and Enterprise Miner 12.1 (SAS Institute, Cary, NC).
■■ Results
A total of 50,880 patients met the selection criteria for the cases, and 1,802,705 patients met the selection criteria to serve as a potential control. Stratified random sampling, based on index year and plan type, was used to select an equal number of controls (50,880) to the number of cases (Figure 1 ). Statistically significant differences between cases and controls were observed across all demographic characteristics including age, race/ethnicity, geographic region, and gender (Table 3 ; P < 0.001). Mean age was statistically significantly higher for the cases compared with the controls (71.4 years vs. 68.3 years, respectively). In both cases and controls, the majority of patients was female, of white/Caucasian ethnicity, and geographically located in the South.
Clinical characteristics and HCRU are described in Table 4 . DCCI and RxRisk-V scores were statistically significantly higher for cases versus controls (P < 0.001), indicating a higher comorbidity burden. A higher proportion of cases had comorbid respiratory and cardiovascular conditions, as well as diabetes, compared with controls (P < 0.001). More use of medical services was observed in cases compared with controls (Table  4) . A higher proportion of cases had at least 1 all-cause hospitalization or ER visit, and tobacco cessation counselling and oxygen therapy were more common in cases compared with controls (P < 0.001). The proportion of patients with at least 1 claim for any respiratory-related medication or smoking cessation medication was higher in cases compared with controls (P < 0.001).
Performance measures for the SLR, DT, and NN models are provided in (TN + FN) 
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Sensitivity Analyses
The population used to develop the MAPD plan model was composed of 46,824 cases and an equal number of controls. The SLR and NN models performed similarly in terms of AUC (0.764 and 0.766, respectively). The SLR model was selected as the final model for similar reasons to those applied for the primary model selection. The SLR model contained 43 variables and had a sensitivity of 66.9%, specificity of 72.9%, PPV of 71.2%, and NPV of 68.8%.
The population used to develop the commercial plan model was composed of 4,056 cases and an equal number of controls.
The SLR model performed best in terms of AUC (0.810) and was selected as the final model. This model had 23 variables and had a sensitivity of 53.1%, specificity of 89.8%, PPV of 83.9%, and NPV of 65.7%. Findings from the sensitivity analyses confirmed the selection of SLR as the optimal predictive modeling approach.
■■ Discussion
This study showed that a claims-based predictive model provides a method to identify those patients likely to have undiagnosed COPD within a national health plan in the United States. 
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The PPV of 73.4% implies that for every 4 patients identified by the model as likely to have COPD, approximately 3 of them will have undiagnosed COPD based on the operational definition of a COPD diagnosis used in this study. While higher rates of sensitivity and specificity may be preferred for diagnostic tools, 35 the levels of sensitivity and specificity provided by the SLR predictive model in this study may be of value to payers as a screening tool, allowing them to target appropriate health care interventions to health plan members who may have undiagnosed COPD with a reasonable level of accuracy.
The strongest predictors in the optimal model were the use of anticholinergic bronchodilators and tobacco cessation counseling. Since smoking is the primary cause of COPD, 14, 36, 37 the impact of tobacco cessation counseling, as well as the use of smoking cessation medications was expected. Of the comorbidities that were evaluated, heart failure had the highest OR (1.593) in the predictive model. Heart failure and COPD may have some similar symptoms that can mask the diagnosis of either disease, and there is evidence to support screening for the presence of COPD in patients that have been diagnosed with heart failure. 38 The predictive model developed in this study compares favorably to other published predictive models aimed at identifying those with undiagnosed COPD. 13, [39] [40] [41] The algorithm, using medical and pharmacy administrative claims and developed by Mapel et al., had a sensitivity of 60.5%, specificity of 82.1%, PPV of 24.9%, and NPV of 95.5%. 13 It is noteworthy that the NPV was higher in the Mapel et al. model, while the PPV was higher in the model developed in this study. PPV is the likelihood that a patient actually has undiagnosed COPD when the model returns a positive result and, as such, determines the model's degree of efficiency for screening those with a positive result.
A possible explanation for differences in performance metrics between the current model and the Mapel et al. algorithm is the use of different independent variables. For example, the Mapel et al. study used a composite variable to indicate respiratory medication use. 13 This variable (Respiratory Rx) included antimuscarinics, antispasmodics, sympathomimetic (adrenergic) agents, antitussives, expectorants, mucolytic agents, and adrenal agents, as categorized by the American Hospital Formulary Service. Among the independent variables in the Mapel et al. model, the Respiratory Rx variable made a significant contribution, based on F value. Of note, this composite variable contained antitussives and expectorants, which are used for common respiratory illnesses, as well as COPD symptoms such as cough and sputum production. Such a nonspecific respiratory medication use variable may explain the high number of false positives (6,770) relative to true positives (2,240) and thus the low PPV (24.9%). By comparison, the current study's predictive model contained variables at the drug class level (e.g., long-acting beta-agonists/inhaled corticosteroid combinations) as well as a composite respiratory medications variable, which was defined more restrictively (Table 1) than in the Mapel et al. study. 13 The use of drug class-level variables may allow for a better distinction of medications used primarily for chronic airway disease versus those used to treat symptoms of acute viral or bacterial respiratory infections.
Several studies have demonstrated improvements in lung function, dyspnea, quality of life, and reduced risk of exacerbations through earlier pharmacologic intervention and serve as the foundation of the recommendations found in the Global Strategy for the Diagnosis, Management and Prevention of COPD (GOLD). 14 The predictive model in the current study may allow a payer or managed care pharmacy to identify patients likely to have undiagnosed COPD and encourage the clinical screening of COPD through spirometry. This model creates the opportunity for proactive diagnosis as well as for more targeted and timely support. Managed care pharmacy is typically limited to providing disease management and education programs, such as smoking cessation counseling, medication therapy management, and transitions of care programs for established COPD patients. In addition, managed care pharmacy may also play a vital role in appropriate treatment and management of COPD for "new" patients identified through this predictive model.
Limitations
There are several limitations associated with this study that should be considered when interpreting the results. As is common with all administrative claims databases, the database used for this study lacked some clinical parameters that have been shown to be strongly associated with COPD, such as smoking status. Lack of a smoking status variable could be expected to reduce the predictive ability of the model. Tobacco cessation counseling and use of smoking cessation medications were included as proxies in order to address this potential limitation. 13, [39] [40] [41] Administrative claims may contain coding errors of omission and commission and incomplete claims information. COPD diagnosis was determined using claims with ICD-9-CM diagnosis codes indicative of COPD. This operational classification may have resulted in misclassification in some cases, since airflow testing (e.g., FEV1) results were not available to confirm COPD diagnosis. The patient population included in this study may not be representative of the general U.S. population, thus, limiting the generalizability of the predictive model. Finally, the predictive model will only be able to identify patients likely to have COPD. Further testing, including spirometric and symptom evaluation, will be required to confirm the clinical diagnosis of COPD.
■■ Conclusions
This claims-based predictive model provides an acceptable level of accuracy in identifying patients likely to have undiag-
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nosed COPD in a large health plan that includes commercial and MAPD members. Identification of patients with a high risk of having undiagnosed COPD may help in the timely referral for a diagnostic evaluation and management of the disease and possibly lead to improved health outcomes.
